Abstract During an earthquake, the reinforced concrete (RC) structures are subjected to deformations that may lead their structural elements to exceed the corresponding resistance limit state, forcing them to have nonlinear responses. The application of realistic numerical models that can represent the non-linearity of each structural element requires full examination and calibration. Furthermore, simplified numerical approaches that can represent the seismic behaviour of original and strengthened RC elements are of full importance. For this, the experimental tests are useful to calibrate the numerical models, and thus to capture as well as possible the real response of the elements. The main goal of this work is to evaluate the efficiency of a simplified numerical approach to represent strengthened RC columns with steel and CFRP jacketing, subjected to biaxial horizontal loading. The numerical modelling efficiency will be evaluated by comparing the numerical results with the experimental ones in terms of shear-drift hysteretic behaviour, initial stiffness and stiffness degradation, maximum strength and energy dissipation. The results shows a good performance of the numerical models, mainly for the RC columns strengthened with CFRP jacketing technique.
Introduction
The structural behaviour of reinforced concrete (RC) buildings when subjected to earthquakes should be regarded as a very important topic, as demonstrated in the earthquakes in Sichuan (China) in 2008 [1] , L'Aquila (Italy) in 2009 [2] , Port-au-Prince (Haiti) in 2010 [3] and Lorca (Spain) in 2011 [4] and more recently in Nepal. The earthquakes effects can result in the structural collapse or by several damages in many of the structural elements [5] , as can be observed in Fig. 1a . It is known that some existing RC buildings, designed with older codes, can be more prone to serious damage under seismic action, like shear or flexure failure, as illustrated in Fig. 1b . This is mainly justified by the reduced capacity to deform of the RC columns (reduced ductility) and the reduced amount of longitudinal reinforcement [6] [7] [8] , which can be due to lower design seismic actions, use of plain rebars, poorer detailing, lap slices in critical regions, premature terminations of longitudinal reinforcement and lack of lateral confinement, which are common in existing structures built until late 1980s [9, 10] .
The available data regarding to RC columns subjected to biaxial cyclic bending and constant or variable axial load allows us to recognize that the biaxial bending effect is a very important topic for building structures in earthquake prone regions. Recently, Rodrigues et al. [11] [12] [13] [14] tested several number of RC full-scale column specimens under different horizontal loading patterns, always including the comparison of 2D test results with those of similar columns tested in (1D) bending. Rodrigues concluded that: (i) initial column stiffness is not much affected by 2D load path; (ii) maximum strength in one specific column direction for each 2D test is always lower than that of the corresponding 1D test; (iii) ultimate ductility is clearly reduced in columns under 2D loading paths; (iv) strength degradation is very reduced before ductility demands about 3, increasing thereafter; (v) 2D bending can introduce higher energy dissipation than 1D loading; (vi) viscous damping highly depends on biaxial load path. Recently some experimental tests were conducted To evaluate the efficiency of different strengthening technics to improve the RC columns behaviour [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Some numerical modelling research works regarding to the use of simplified approaches to represent the RC columns cyclic behaviour can be found in the literature [25, 26] . Different modelling strategies are proposed by several authors regarding for example to lumped damaged models [27] , fiber models [28] , among others. However the number of studies about the numerical modelling of strengthened RC columns subjected to biaxial horizontal loading are scarce, and is of full importance to study numerical strategies that allow to analyse the effect of different strengthening technics application in the existing buildings response.
This study intends to evaluate numerical efficiency of a simplified approach to represent the biaxial cyclic behaviour of RC columns strengthened with CFRP and steel plates jacketing, through a distributed plasticity approach with the formulation based in forces coupled with a nonlinear variable confinement material model developed by Ferracuti and Savoia [29] to represent the reinforcement material effect. The numerical modelling efficiency was evaluated by comparing the numerical results with the experimental ones, in terms of: shear-drift hysteretic response, initial stiffness, stiffness degradation, maximum strength and energy dissipation.
Simplified modelling approach to represent strengthened RC columns behaviour
Overview of the experimental campaign
The main purpose of the present work is, as previous said, test the numerical efficiency of a simplified approach that can represent RC columns strengthened with CFRP and steel plates jacketing tested by Rodrigues et al. [13] . The experimental campaign was composed by seven rectangular RC columns with the following dimensions: 1.70 m high, and are cast in strong square concrete foundation blocks with dimensions 1.30 9 1.30 m 2 in plan and 0.50 m high. The specimens and cross-section dimensions and the reinforcement detailing are presented in Fig. 2a . All of them were constructed with the same geometric characteristic and reinforcement detailing, and were cyclically tested for two different loading histories, described in Table 1 . In Fig. 2b is also illustrated the general view of the experimental setup, which can be observe the existence of four holes that are drilled in the foundation block to fix the specimen to the laboratory strong floor. An extra 0.20 m height is added for attaching the three actuators devices.
With the main objective of characterise the column specimen's response when subjected to cyclic biaxial horizontal loading conditions, two horizontal displacement path were adopted: diagonal 458 and diamond (illustrated in Fig. 3 ). During the experimental tests, cyclic lateral displacements were imposed at the top of the column with steadily increasing demand levels. Three cycles were repeated for each lateral deformation demand level and the following nominal peak displacement levels (in mm) were considered: 3, 5, 10, 4, 12, 15, 7, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80 . A constant axial load was maintained with the value of 300 kN. Seven of the specimens were strengthened with two different techniques: CFRP plates jacketing and steel plates jacketing (see Table 1 ). The concrete and steel material properties of each specimen, the loading conditions and the strengthening technique adopted for each specimen are summarised, in Table 1 . The seven RC columns are divided in three groups, namely: Group 1-four RC columns strengthened with CFRP plates jacketing and Group 2-three RC columns strengthened with steel plates jacketing.
Numerical modelling strategy description
The numerical modelling of all the specimens was performed in the computer program SeismoStruct [30] . For this study, it was adopted the distributed plasticity approach with the formulation based in forces, typically known as force-based approach. To represent each RC column it was adopted a single element with several integration points through the entire length of the element, as illustrated in Fig. 4a . Each integration point was associated with a control section. The choice of the number of integration points was decided according to the sensitivity studies carried out by Calabrese et al. [31] and Rodrigues et al. [11] . Both have concluded that the number of seven control sections are enough to represent RC columns behavior with this type of strategy, as illustrated in Fig. 4b . Fiber discretization was adopted to represent the behaviour at section level, where each fiber was associated with the corresponding uniaxial stress-strain law. The sectional moment-curvature state of the beam and column elements is then obtained through the integration of the non-linear uniaxial stress-strain response of the individual fibers into which the section has been subdivided (Fig. 4c) . Through the integration of the non-linear response, the stress-strain uniaxial relationship in each individual fiber of the control section are submitted, results in the stress-strain state of the element. The non-linearity of each column was obtained directly from the nonlinear behaviour of the fibers, which were is so accurate as much as the accuracy of the fibers. In this study the number of 600 fibers was assumed. Taking into account that the Seismostruct [30] does not have the possibility to take into account with the bond-slip effect, and regarding to the considerations made by Bousias [32] in his parametric study to evaluate the bond-split consideration in the numerical modelling with simplified approaches, the bond-split effect was neglected.
Some numerical modelling approaches of the confinement effect provided by reinforcement materials can be found in the literature, mainly regarding to micro-modelling strategies. For the present study, a simplified numerical approach proposed by Ferracuti and Savoia [29] was adopted, which the main goal is through a uniaxial variable confinement model determines the concrete strength obtained with the jacketing material (CFRP and steel plates in the present study). This nonlinear uniaxial variable confinement model follows the constitutive cyclic rules proposed by Mander et al. [33] for the compression and the Yankelevsky for the tension [34] . The confinement effects provided by the jacketing material are represented through the use of the rules proposed by Spoelstra and Monti [30, 35] . This numerical model approach allow to represent the interaction between the containment devices (jacketing material) due to the concrete lateral deformation, through and iterative incremental approach. The relationship between the axial and lateral stresses is implicitly derived through equilibrium between the confined concrete (dilation) and the containment device.
Similarly to the numerical modelling of original columns, the strategy is supported in lumped inelastic element based in forces formulation and discretized in 7 control sections. Each control section (of strengthened RC columns) is numerically represented by two different material components: homogenous confined concrete (the uniaxial variable confinement model takes into account with the Confinement provided by the transversal reinforcement and the jacketing material) and the longitudinal reinforcement fibers as illustrated in Fig. 5 .
It should be noted that the elements have the same control sections characteristics throughout the entire length. What does not happen in reality because this reinforced control sections are only located in the seismic zone interventions, 0.50 m from the base. However, the fact of the control sections located above the seismic reinforcement is different, because they are in linear elastic behavior which does not significantly affect the final response of the element. Additionally two original RC columns were modelled to calibrate the numerical strengthened models, despite as can be observed in Table 1 the material properties are slightly different for each RC columns group. In the next sub-sections are summarized the values adopted in the modelling process of the RC columns and the most important considerations.
RC columns strengthened with CFRP plates-Group 1
Considering the CFRP properties (CFRP ultimate strain e uj = 0.0155 %, ultimate strength f uj = 3800 MPa and q CFRP = 0.0018), and the corresponding characteristic value of the elastic modulus E fk = 240,000 MPa, it was obtained the total thickness of CFRP jacketing t j = 0.342 mm for the total repaired zone height (500 mm). The total area value along this height (0.342 9 500 = 171 mm 2 ) was then divided by 3 CFRP plates 80 mm wide, spaced at 70 mm, each one with six layers of CFRP sheet thickness (0.117 mm), having a 40 mm gap between the footing and the first plate. The  Fig. 6 shows the general schematic view of the strengthened columns with CFRP plates jacketing.
Looking for this uniaxial material model for the homogenous confined concrete, the following parameters were adopted in the numerical models are described in Table 2 .
For the reinforcement steel it was adopted the Menegotto and Pinto uniaxial material model [36] , that combined with the isotropic hardening rules proposed by Filippou et al. [37] . This model considers the Bauschinger effect, which is relevant for the representation of the columns' stiffness degradation under cyclic loading. The parameters that are required for the model are: the steel yield strength (f y ); the elastic Young modulus (E s ); the strain-hardening ratio (r) and five parameters to describe the transition from elastic to plastic branches (R 0 , a 1 , a 2 , a 3 , and a 4 ). The parameters adopted in the numerical models are summarized in Table 3 .
RC columns strengthened with steel plates jacketingGroup 2
Considering the yielding steel strength of 275 MPa (E steel = 210GPa and q steel = 0.0013) and the ultimate strain e ult of 0.15 %, the steel jacket thickness t j = 0.536 mm was obtained, which was then divided by three to obtain the steel plate areas (30 9 5 mm 2 ). The steel plates were L-shape folded, bonded to the column with epoxy resin and welded in situ in two corners to complete the collar. The plates were placed in three previously defined levels at increasing distances from the footing (125, 275 and 425 mm). After welding, the voids between the plates and the concrete were filled with injection of two component epoxy resin in order to ensure full contact and early efficiency of the external strengthening. The Fig. 7 shows the general schematic view of the strengthened columns with steel plates jacketing.
The following parameters were adopted for the homogenous confined concrete uniaxial material model, in the numerical models and are described in Table 4 .
The parameters adopted for the reinforcement material parameters in the numerical models are summarized in Table 5 .
Evaluation of the numerical modelling efficiency
The numerical results will be presented along the present section for of all the specimens and were compared with the experimental ones in terms of shear-drift hysteretic behaviour, shear-drift envelopes, maximum strength, initial stiffness, secant stiffness degradation, tangent stiffness 
Shear-drift hysteretic curves results
Through the observation of the shear-drift hysteretic behaviour of the numerical and experimental results (Figs. 8, 9 ), the following comments can be drawn:
• Generally, it can be stated that the numerical responses were similar to the experimental results. Some problems were observed in some numerical models to capture the experimental response for large displacements, mainly in terms of the strength degradation. Similar problems are reported by other authors in the numerical modelling, with simplified approaches, of original RC columns subjected to biaxial loading [38] . Nevertheless, it is possible to observe already some strength degradation in the numerical results; • Regarding to the results of the Group 1 (Fig. 8) it can be observed a better numerical results for the columns subjected to diagonal-458 loading pattern when compared with the results for the diamond loading pattern. The same was also verified for the Group 2 RC columns subjected to the same loading pattern, as illustrated in Fig. 9 ; • Comparing the numerical results of the Group 2 it can be observed that the pinching effect is better adjusted to the experimental hysteretic results for the Group 1 specimens, mainly in the weak direction. In terms of energy dissipation, it was observed that the Group 2 that the numerical models dissipated higher energy than the observed in the experimental results.
Shear-drift envelopes
The numerical shear-drift envelopes of Group 1 and 2 specimens presented, respectively in Figs. 10 and 11. As observed in the previous sub-section, the results shows generally that the numerical models reproduced very satisfactory the experimental response for lower displacement demands, however some problems in capture the experimental response is observed for higher drift demands, mainly for the specimens of the Group 2. This is justified by the difficulty of the numerical model in represent the strength degradation along the numerical analysis. Better results were again founded for the samples subjected to the diagonal 458 loading pattern in the both of the Groups.
In terms of capture of the RC columns initial stiffness, it is observed that the numerical models have better results for the weak direction when compared with the other direction.
Initial stiffness ratio
The initial stiffness for each specimen was determined and through the observation of the ratio between the numerical and the experimental initial stiffness, illustrated in Fig. 12 it can be observed that the numerical models capture higher initial stiffness values for the stronger direction than the observed for the weak direction of the specimens, as already mentioned.
Comparing the results for each Group, it is observed that the results are better for the Group 1, illustrated in Fig. 12a , where was found slight differences between the numerical and experimental results, 5-60 % for the strong direction and 0-25 % for weak direction. For Group 2, plotted in Fig. 12a , it is observed differences about 45-50 % for the stronger direction and between 0-30 % for the weak direction.
Maximum strength ratio
In order to evaluate the numerical models capacity to represent the maximum strength observed in the experimental results, it was plotted in Fig. 13 the ratio between the maximum strength obtained in the experimental and in the numerical models. It is observed that the numerical models represent very satisfactory the maximum strength of the experimental results, such for the positive cycle and for negative. Better results were obtained for Group 1, when compared with the Group 2 results, as reported by the slight difference between 5-15 % obtained for the RC columns strengthened with CFRP jacketing and the 5-40 % observed for the RC strengthened columns with steel plates jacketing.
Stiffness degradation
The stiffness degradation, or as common to know as relative stiffness, was evaluated by comparing the peak-topeak secant stiffness values resulting from the first cycle of each imposed peak displacement (see Fig. 14) . It was calculated the lateral peak-to-peak stiffness degradation for each column in each direction.
-From the results, illustrated in Figs. 15 and 16 the following considerations can be performed: -The stiffness degradation was satisfactory captured by the numerical models, however it is observed that the results are better in the weak direction;
-The numerical models obtained better stiffness degradation representation for larger drift values, mainly after 1.5 % of drift; -Comparing the results between the RC columns of Group 1, it is possible to observe that the numerical models are better for the diagonal 458 load path. The same was not observed for the RC columns of Group 2. Stiffness normalized degradation
The evolution of stiffness normalized degradation was determined between the initial stiffness and each relative stiffness determined in the Sect. 3.3, according to Rodrigues et al. [11] , and is illustrated in the Figs. 17 and 18.
As observed for the evolution of the stiffness degradation the results shows to be better for the Group 1 RC columns. Again, comparing the stiffness normalized degradation between the RC columns of Group 1, it is possible to observe that the numerical models are better for the diagonal 458 load path. The same was again not observed for the RC columns of Group 2.
Energy dissipation
The numerical and experimental cumulative dissipated energy are illustrated in Figs. 19 and 20 . For each displacement amplitude level, the plotted value of dissipated energy corresponds to the end of the third cycle. For the biaxial load paths, the value of dissipated energy corresponds to the maximum resultant displacement for each cycle.
Regarding to the results obtained for RC columns of Group 1, it is observed slow differences for the samples subjected to the diamond load pattern, with differences between 5-45 %. The results of the Group 2 shows to be better than for Group 1, and this can be observed through the difference between the 5-50 % and the 15-25 % of difference observed respectively. It was also observed that the diagonal 458 load path presents better results than the diamond load path. It can be observed also a good performance of the numerical models for lower drift values (0-3 % drift), and justified by the insufficient capacity to represent the strength degradation for higher drift values, the results of the final energy dissipated is higher than the observed in the experimental ones.
Total energy dissipation
The total energy dissipation were determined and plotted in Fig. 21 . From these, it was observed that all the numerical models represented very satisfactory. The results obtained for the Group 2 were better than the Group 1, with slight difference between 10-60 % of difference for the strengthened columns with CFRP jacketing and between 5-25 % of difference observed for the strengthened columns with steel plates jacketing.
Conclusions
The main objective of the present study was to evaluate the efficiency of a simplified approach to represent RC strengthened columns with two types of strengthening techniques (CFRP and steel plates jacketing) subjected to Fig. 18 Normalized relative stiffness evolution-Group 2 biaxial horizontal loading and constant axial load. The modelling strategy was based on the distributed plasticity element with force-based formulation, with particular attention to the modelling process of the strengthening material and the respective effect on the RC columns response. This numerical model approach allow to represent the interaction between the containment devices (jacketing material) due to the concrete lateral deformation, through and iterative incremental approach. The relationship between the axial and lateral stresses is implicitly derived through equilibrium between the confined concrete (dilation) and the containment device. The numerical modelling efficiency was evaluated by comparing the numerical results with the experimental ones. Globally it was observed that the numerical models represented satisfactory the original RC columns for both of the Groups. Relatively to the RC columns of Group 1 it was observed that all of them were well represented, especially the RC column subjected to the diagonal 458 horizontal load path. The same was observed for the group 2 where the best representation of the experimental behavior was obtained for the column under the same horizontal load path.
In terms of initial stiffness and maximum strength it was observed that the numerical models reproduced accurately the experimental response with better results with slight differences around 5-15 % when compared with the differences observed for Group 2 around 5-40 %. Regarding to the stiffness degradation the results shows to be better for the Group 1 RC columns. Again, comparing the stiffness degradation between the RC columns of Group 1, it is possible to observe that the numerical models are better for the diagonal 458 load path. The same was again not observed for the RC columns of Group 2. It was verified that the original RC columns numerical columns obtained higher energy dissipation values in the experimental test when compared with the numerical results. However for the strengthened columns the same wasn't verified, with higher values for the numerical models, as consequently of the difficulty of the maximum strength degradation. All numerical models showed limitations in the representation of the pinching effect at the discharge-recharge phase. The global findings of the present research work allow to conclude that this modelling strategy for strengthened columns can help the designers to evaluate the benefits in the structural response by introducing some jacketing reinforcements in RC buildings. 
